Uptake of macromolecules (e.g., ferritin) by M cells in follicle-associated epithelium in small and large intestine was investigated in three healthy, conventionally raised, 2to 3-week-old, female Holstein Frisian calves. A 2.5% solution of ferritin was injected into the ligated loops in mid-jejunum, in terminal ileum, in the ascending colon adjacent to the ileocecal junction, and in the proximal loop of the ascending colon containing gut-associated lymphoid tissue. After exposure times that ranged from 82 to 165 minutes, ferritin was detected in M cells of domes in the small intestine, as well as in cells in follicle-associated epithelium of proprial lymphoid nodules and lymphoglandular complexes of colon that morphologically resembled M cells of small intestine.
Gut-associated lymphoid tissue is an important part of the gastrointestinal bamer. It consists of solitary and aggregated lymphoid follicles in the intestinal wall that are covered by a follicle-associated epithelium (FAE). Specialized cells, termed M cells, within this FAE are important for the uptake and transport of antigen. 24, [29] [30] [31] This may initiate an immune response that is amplified in the underlying lymphoid follic l e~;~,~~ it may, however, provide pathogens with the opportunity to enter the host. 26 In cattle, transcytosis of tracer s u b~t a n c e s , '~-~~ live and heat-killed Mycobacterium paratuberculosis, 22 and live Brucella abortus' has been shown for M cells in FAE of Peyer's patches in small intestine. Several infectious agents, such as a s t r o v i r~s ,~~,~~ b r e d a v i r u~,~~ rotaviru~,~' Chlamydia, I 2 and Cryptosporidium sp.,I3 have been demonstrated in FAE of small intestine.
Investigations of the large intestine of healthy calves revealed the presence of two distinct types of lymphoid follicles: proprial lymphoid nodules and lymphoglandular complexes. Proprial lymphoid nodules have lymphoid tissue predominantly in the lamina propria and are covered by FAE. Lymphoglandular complexes are characterized by lymphoid follicles in the tunica sub-mucosa and epithelial diverticulae that extend through the muscularis mucosae and branch into the lymphoid tissue. Protrusions of lymphoid tissue in the centers of lymphoglandular complexes are covered with FAE. L9~20, 33 Various infectious agents have a predilection for FAE in large intestine of Except in studies of FAE in the appendices of r a b b i t~~,~J~,~~,~ and in the colons of rats,3 antigen uptake of mammalian large intestine by gut-associated lymphoid tissue has not been examined.
The objectives of this investigation were to examine and compare the uptake and transport of a tracer substance by FAE in small and large intestine of calves.
Materials and Methods

Animals
Tracer experiments were performed on four female, clinically healthy, 2to 3-week-old Holstein Frisian calves that had been raised conventionally with colostrum after birth, then whole cow's milk, and later a milk replacer. In calf Nos. 1-3, the tracer experiments in small and large intestine were performed with simultaneous control loops in small intestine; calf No. 4 served as a control for observations in colonic tissue.
Tracer
A tepid (37 C) 0.15 M saline solution (Fresenius, Bad Homberg, Germany) containing 25 m d m l splenic equine ferritin (Sigma, Deisenhofen, Germany) served as tracer. A 0.15 M saline solution (Fresenius) was used as a control.
Experimental procedure
Calves were anesthetized by intravenous injection of xylazine hydrochloride (Rompun @, Bayer Leverkusen, Germany) and ketamine hydrochloride (Ketavet Q, Parke Davis and Company, Berlin, Germany) and by paravertebral and local infiltration of the right flank with butanilicain phosphate (Hostacain Q, Hoechst Veterinar, Unterschleifiheim, Germany).
After right flank laparotomy, two loops containing Peyer's patches were ligated in mid-jejunum and one loop was ligated in ileum 20-50 cm proximal to the insertion of the ileocecal fold. To identify Peyer's patches in jejunum more easily, parts of the jejunum were temporarily filled with 0.15 M saline solution. Two segments of the large intestine were ligated: one consisted of proximal cecum and the beginning of the proximal colon and also included the distal ileum, which contained ileal Peyer's patches and the patch of lymphoid follicles at the ileocecal junction in the colon. The second segment was ligated at the transition between the proximal loop and the coiled loop of the ascending colon that contained the patch of lymphoid follicles in the proximal colon.
In calf Nos. 1-3, one of the loops in jejunum and both segments in large intestine were injected with ferritin. A second loop in jejunum and the loop in ileum were filled with 0.15 M saline solution as control in calf Nos. 1-3. In calf No. 4, the segments in the colon were injected with 0.15 M saline solution as control. Intestinal loops were injected through preformed ligations and were only moderately filled to avoid distension. Preformed ligations were tied after withdrawal of the needle. After injection, the intestinal loops were repositioned into the abdominal cavity of the anesthetized calf. Fluids were substituted intravenously to avoid circulatory failure. Exposure times of ferritin solution ranged from 83 to 165 minutes. Loops injected with 0.15 M saline were exposed for 75 to 130 minutes before tissue sampling.
Tissue sampling and preparation
Samples were collected while animals were under general anesthesia; the calves were euthanatized immediately after tissue sampling. After removal of most of the loops' contents, cold 2.5% glutaraldehyde in 0. I M cacodylate buffer (pH 7.2) was injected into the loops. The intraluminally fixed loops were placed in the identical fixative for at least 2 hours.
Lymphoid tissue was identified using transmitted light. Samples containing lymphoid follicles were selected from different locations of the loops under a dissecting microscope (Wild M8, Wild Herrbrugg, Herrbrugg, Switzerland). Lymphoglandular complexes and proprial lymphoid nodules in large intestine were selected by their characteristic surface structure and were processed separately. Material was cut into 2-mm slices, and only samples containing lymphoid follicles were embedded in epon. Staining of the ultrathin sections with uranyl acetate and lead citrate was omitted. Ultrathin sections were examined with an EM 10A transmission electron microscope (Carl Zeiss, Oberkochen, Germany). For unequivocal identification of tracer, a few specimens were examined with a CEM 902 transmission electron microscope with integrated imaging electron energy loss spectrometer and integrated computer system (Carl Zeiss).2
Results
In calf Nos. 1-3 at all sampling times, tracer was found in the follicle-associated epithelium (FAE) of proprial lymphoid nodules ( Fig. 1 ) and lymphoglandular complexes (Fig. 2) in colon adjacent to the ileocecal junction and in the proximal colon (Figs. 3-5). Most cells of FAE in the colon containing ferritin were morphologically similar to M cells in small intestine (M cell-like cells). Luminal surfaces varied from smooth plasma membrane to short microvilli to pseudopods. Occasionally, a few long branching or bridging microvilli containing scarce microfilaments were observed ( Fig. 3 ). Each M cell-like cell with a flat or pseudopodlike apical surface had an electron-lucent cytoplasm and an abundant apical tubulovesicular system but few lysosomes. Ferritin was also found in cells of FAE with ultrastructural characteristics of both enteroabsorptive cells and M cells. These cells had a brushborderlike apical surface and an electron-lucent cytoplasm. In the apical region, there were a few vesicles but no cellular organelles.
Accumulations of ferritin in the FAE of the colon were found between microvilli at the surface of cells, in invaginations of the apical plasma membrane, and in the apical tubulovesicular system (Figs. 3, 4) . There was no clathrin coat present at the membrane of invaginations and vacuoles containing ferritin. Membrane-bound apical vacuoles varied in size and enclosed ferritin, 50-nm membrane-bound particles, and other electron-dense material. More basally located vacuoles rarely contained tracer. Frequently, femtin and 50-nm membrane-bound particles were present within the adjacent intercellular space (Fig. 5 ). In contrast to small intestine, ferritin was not found in large intestine below the basal lamina up to the longest exposure time of 165 minutes. With longer exposure times, the number of cells that had internalized fenitin increased in the FAE of the colon. Femtin was found more often and in higher amounts in cells of FAE overlying propna nodules than in cells of FAE in the depth of lymphoglandular complexes.
Enteroabsorptive cells and the rarely found tufted cells of FAE in the colon did not contain accumulations of ferritin in the cytoplasm or in the adjacent intercellular spaces. Tufted cells were characterized by very dense thick microvilli that were longer than those of Paar, Liebler, and Pohlenz Vet Pathol 29:2. 1992 Transmission electron micrograph. Colon adjacent to the ileocecaljunction, patch of mucosa-associated lymphoid follicles; calf No. 3, exposed to ferritin solution for 158 minutes. Fig. 3a . M cells (M) on the surface of a propnal lymphoid nodule with ferritin between microvilli, in an apical invagination (long arrow), and in apical multivesicular bodies (short arrows). Bar = 2.0 pm. Inset: Higher magnification of an apical multivesicular body containing fenitin. Bar = 0.25 pm. Fig. 3b . Higher magnification of ferritin (arrows) between microvilli and in an apical invagination. Bar = 2.0 pm.
Fig. 3.
enteroabsorptive cells and contained long straight microfilaments that reached the supranuclear region.
M cells ofthe FAE ofjejunal and ileal Peyer's patches contained ferritin after exposure times of 83 to 156 minutes. Tracer in M cells of the small intestine was located similarly to the cells of FAE of large intestine (Fig. 6) . More femtin was found in M cells of small intestine than of large intestine. Ferritin was present below the basal lamina in intercellular spaces and in vacuoles of subepithelial macrophages (Fig. 7) . Tracer was not found in intraepithelial cells and enteroabsorptive cells.
In calf No. 1, vacuoles of an intraluminal macrophage located directly above the FAE of the ileal Peyer's patch contained ferritin after an exposure time of 128 minutes (Fig. 8 ). Ferritin was unequivocally identified by electron spectroscopic imaging. Electrons that are inelastically scattered by the iron atom of ferritin show an elementspecific energy loss at AE = 708 eV. To obtain an ironspecific distribution image, the background image at AE = 690 eV was photographically subtracted from the element-specific image at AE = 708 eV.
Discussion
Various infectious agents and macromolecular tracers have been used to simulate antigen uptake by follicle-associated epithelium (FAE).9,32 Uptake of ferritin by FAE has been demonstrated in jejunal and ileal Peyer's patches of calves,14 Peyer's patches of rats,17 and mice,4 and appendices of rabbit^;^ therefore, ferritin that is an immunogenic tracer without receptormediated uptake was chosen for this study.
As in previous studies,14 endocytosis of ferritin by M cells in the small intestine was observed. In the colon, cells in the FAE of lymphoglandular complexes and proprial lymphoid nodules that morphologically resembled M cells (M cell-like cells) endocytosed ferritin; therefore, M cell-like cells in the colon ought to be considered as M cells. 33 Ferritin was also found in a few colonic FAE cells that had characteristics of both M cells and enteroabsorptive cells. Similar cells have been described in FAE of porcine colonic lymphoglandular complexes.23 Because of their ultrastructural characteristics, these cells may represent immature or functionally different M cells.20 As described for immature M cells in FAE of Peyer's patches of mice,8 these cells internalized ferritin, but no exocytosis was observed.
The number of M cells containing ferritin and the amount of ferritin within M cells were smaller in large intestine than in small intestine. This was also reflected by the fact that ferritin could be demonstrated underneath the basal lamina of FAE in small intestine but not in colon. In contrast to other description^,'^ no differences in the uptake of ferritin between jejunal and ileal domes were observed, possibly because of the higher concentration of tracer, the prolonged time of Transmission electron micrograph, colon adjacent to the ileocecal junction, patch of mucosa-associated lymphoid follicles; calf No. 2, exposed to fenitin solution for 93 minutes. Fig. 5a . Ferntin and 50-nm membrane-bound particles in apical multivesicular bodies (long arrows) and in the intercellular space (short arrow) between two M cells (M).
Note interdigitating lateral cell processes (arrowheads). Bar = 2.0 pm. Fig. 5b . Higher magnification of the intercellular exposure, or the flushing of the jejunal loops by temporary filling with 0.15 M saline in our experiments. M cells in small and large intestine may have different pinocytotic activities according to the different flow rates of ingesta and, therefore, different exposure times of antigen, which could also explain differences between M cells of FAE overlying proprial lymphoid nodules and in the depth of lymphoglandular complexes in large intestine.
Within the large intestine there was more uptake of ferritin by FAE of proprial lymphoid nodules than by FAE in the depth of lymphoglandular complexes. The contact of antigen with the FAE may be delayed in lymphoglandular complexes; but once intestinal contents are within the diverticula, their further transport by peristaltic movements is prevented and antigen exposure to FAE is prolonged. Because ofthe thick smooth muscle collars of the lamina muscularis mucosae that circle diverticula of the porcine colonic lymphoglandular complexes, a special sampling mechanism of intestinal contents is discussed in pigs.23 Prolonged antigen retention in lymphoglandular complexes may favor the colonization of FAE by infectious agents and promote bacterial or parasitic proliferation within lymphoglandular complexe~.'~ Based on the localization of femtin within M cells and within the FAE, the following pathway for antigen uptake in gut-associated lymphoid tissue of colon is hypothesized. Antigen is bound specifically or nonspecifically at the apical plasma membrane or at the deeper caverns of the tubulovesicular system and is internalized together with other luminal material by endocytosis. Endocytosis of uncharged ferritin from horse spleen used in this investigation was nonspecific. No clathrin coat typical for the receptor-mediated p i n o c y t o~i s~~ was present on apical invaginations and vesicles containing tracer. Some of the apical pinocytotic vesicles had fused to multivesicular bodies that also contained 50-nm membrane-bound particles. The contents of vesicles and multivesicular bodies were most likely exocytosed at the lateral cytoplasmic membrane into the intercellular space. The shedding of 50nm membrane-bound particles by ileal14 and colonic33 FAE has been described in ruminants. Our finding of ferritin and 50-nm membrane-bound particles in the same locations confirms the hypothesis that transepithelial transport of macromolecules is the basis for the formation of particles. l 6 Enzyme histochemical studies will be necessary to decide to what degree the transported material is subject to intracellular degradation. Lysosomes rarely occur in M cells in the colon of t space. Arrow indicates same structure as short arrow in Fig.  5a . Bar = 0.2 pm. (Fig. 6b ), in an apical invagination (Fig. 6c) , and in the subepithelial intercellular space (Fig. 6d ). Note numerous intraepithelial cells (IEC). Fig. 6a , bar = 2.0 wm. Fig. 6b-d , higher magnifications of ferritin (black and white arrows). Bars = 0.2 wm.
calves.2n Because of the low number of lysosomes in M cells and the small amount of acid phosphatase, transport of intact antigen from the intestinal lumen through M cells to the underlying lymphoid tissue was discussed in Studies in calves, however, revealed that intracellular degradation does occur in FAE of ileal domes.I4J5
The paracellular uptake of tracer21.37.42 in our study is unlikely because tight junctions were unaltered and ferritin was found in intercellular spaces adjacent to M cells only. Phagocytosis of antigen in the intercel-lular space by macrophages and transport into the lymphoid follicle have been reported. 1n,18, 25 This was observed rarely, however, in our study.
From our studies we conclude that FAE in the large intestines of calves is capable of transporting macromolecules across the intestinal barrier and thus may provide a potential entrance for infectious agents. 
